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Abstract

In north-western North America, the so-called divergence problem (DP) is expressed in tree ring width (RW) as an unstable temperature signal in
recent decades. Maximum latewood density (MXD), from the same region, shows minimal evidence of DP. While MXD is a superior proxy for summer
temperatures, there are very few long MXD records from North America. Latewood blue intensity (LWB) measures similar wood properties as MXD,
expresses a similar climate response, is much cheaper to generate and thereby could provide the means to profoundly expand the extant network of
temperature sensitive tree-ring (TR) chronologies in North America. In this study, LWB is measured from |17 white spruce sites (Picea glauca) in south-
western Yukon to test whether LWB is immune to the temporal calibration instabilities observed in RW. A number of detrending methodologies are
examined. The strongest calibration results for both RW and LWB are consistently returned using age-dependent spline (ADS) detrending within the
signal-free (SF) framework. RW data calibrate best with June—July maximum temperatures (Tmax), explaining up to 28% variance, but all models fail
validation and residual analysis. In comparison, LWB calibrates strongly (explaining 43—51% of May—August Tmax) and validates well. The reconstruction
extends to 1337 CE, but uncertainties increase substantially before the early 17th century because of low replication. RW-, MXD- and LWB-based
summer temperature reconstructions from the Gulf of Alaska, the Wrangell Mountains and Northern Alaska display good agreement at multi-decadal and
higher frequencies, but the Yukon LWB reconstruction appears potentially limited in its expression of centennial-scale variation. While LWB improves

dendroclimatic calibration, future work must focus on suitably preserved sub-fossil material to increase replication prior to 1650 CE.
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Introduction

In recent years, substantial gains have been made by the dendrocli-
matic community to reconstruct past summer temperatures over the
Northern Hemisphere (NH) (Anchukaitis et al., 2017; Guillet et al.,
2017; Schneider et al., 2015; Stoffel et al., 2015; Wilson et al.,
2016). These reconstructions not only enhance our knowledge of
the transition from the Medieval to the Little Ice Age periods, but
have proven crucial in providing refined estimates of post-volcanic
cooling at hemispheric scales. The spatial representation of past
NH summer temperatures (Anchukaitis et al., 2017; Guillet et al.,
2017) clearly shows large regions that are not well reconstructed
simply because of a lack of data. North America is particularly
poorly constrained with only three tree-ring (TR) records extending
prior to 1000 CE (Canadian Rockies — Luckman and Wilson, 2005;
Quebec — Gennaretti et al., 2014 and the Gulf of Alaska — Wiles
et al., 2014). The latter two use tree-ring width (TRW) data, while
only Luckman and Wilson (2005) utilise maximum latewood den-
sity (MXD), a metric shown to be more robust than RW for recon-
structing past summer temperatures (Anchukaitis et al., 2012,
2013; Briffa et al., 2002; Biintgen et al., 2006; Esper et al., 2012;
Luckman and Wilson, 2005; Schweingruber and Briffa, 1996; Wil-
son et al., 2016; Wilson and Luckman, 2003).

Despite the efficacy of wood density parameters to reconstruct
past summer temperature, there is a surprising paucity of long
MXD records around the mid-to-high latitudes of the NH (Anchu-
kaitis et al., 2017; Wilson et al., 2016). Unfortunately, few

institutions worldwide have the facilities to measure density from
dendrochronological samples. A relatively new TR parameter,
latewood blue intensity (LWB), may provide complementary
information to MXD at a fraction of the cost, making LWB an
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Figure |. Location map showing the 17 tree-ring sites (black) and instrumental stations (blue). The ‘Study Region’ box denotes the CRU
TS 4.01 gridded (60-63 N/140-133 W) temperature data (Harris et al. 2014) used for dendroclimatic analyses. Also shown is the spatial
distribution of Picea glauca (white spruce) and the locations of the regional reconstructions compared in Figure 9.

affordable compromise for any Tree-Ring laboratory (see
Bjorklund et al. (2014, 2015), Buckley et al. (2018), Campbell
et al. (2007), McCarroll et al. (2002) and Rydval et al. (2014) for
a detailed description of LWB and related parameters). LWB
expresses similar information to MXD as both essentially mea-
sure the combined hemicellulose, cellulose and lignin content of
the latewood, which is well correlated with summer temperatures.
LWB (and related reflectance parameter) chronologies have been
successfully used in several summer temperature reconstructions
(Bjorklund et al., 2015; Fuentes et al., 2018; Rydval et al., 2017a,
2017b; Wilson et al., 2014, 2017). However, LWB is arguably still
an experimental TR parameter and more studies are needed to
evaluate its utility for different tree species and across multiple
regions. One obvious limitation is that any colour variation that is
not representative of climatic processes affecting cell wall thick-
ness will bias LWB measurements. For example, compared with
its living sample counterpart, remnant snag or sub-fossil wood is
often darker, leading to lower reflectance intensity values, and a
warm bias in calibrated temperature estimates. Similarly, many
conifer species express a distinct colour change between darker

heartwood to lighter sapwood, again inducing low-frequency
related colour intensity biases. Multiple methods have been pro-
posed to overcome these potential biases, but application of these
approaches remains limited (Bjorklund et al., 2014, 2015; Rydval
et al., 2017a, 2017b; Wilson et al., 2017).

This study focuses on exploring the dendroclimatic utility of
LWB from white spruce (Picea glauca), that grows across much of
the North American boreal forest (Figure 1). White spruce mani-
fests no demonstrable colour change between its heartwood and
sapwood, making it a good candidate species for LWB-based den-
droclimatology (Bjorklund et al., 2014, 2015; Wilson et al., 2017).
Here, we detail the development of a new extended, southern
Yukon, summer temperature reconstruction. This record builds on
previous research by Youngblut and Luckman (2008) who devel-
oped an RW-based June—July maximum temperature (Tmax)
reconstruction (1684—1995) from seven spruce sites. Our aim is to
assess whether LWB is a more robust parameter for reconstructing
past summer temperatures than RW. Previous work has shown that
the temperature signal in many RW datasets throughout north-west-
ern North America is not temporally stable (Andreu-Hayles et al.,
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Table |. Site information: location, elevation and number of series measured per site/variable.

Site name Latitude Longitude Elevation RW no. of RW time-span LWB no. of LwB

(mas.l.) series series time-span

Mt Mye 62°16'44"N 133°15'59"W 1205 64 1573-2005 23 1578-2004
Faro 62°17'30"N 133°16'40"W 1205 105 1229-2004 40 1229-2003
Lapie Lakes 61°40'60"N 133° 4'0"W 1083 41 1639-2005 41 16392004
Rose River 61°37'8"N 133° 3'44"W 1085 27 1595-2005 27 1595-2004
Eagle 12* 61°51'0"N 134°50'60"W 1130 78 1607-1999 28 1606—1998
Tagish 60°16'25"N 134°10'41"W 1167 34 1567-2005 34 1567-2004
Telluride* 60°54'60"N 138° 7'60"W 1400 89 1584—1998 30 1659-1997
Landslide 61° 1'60"N 138°30'0"W 800 189 913-2001 148 914-2000
Burwash* 61°16'60"N 138°52'60"W 840 79 1480—1999 29 1570-1998
Canyon Lake* 61°7'0"N 136°59'0"W 900 43 1651-1998 22 1692-1997
Mt Berdoe 62° 1'60"N 136°13'60"W 1170 35 1618-2001 34 1676-2000
Wheaton River 60°10'60"N 135°17'30"W 1032 60 1666-2004 54 1665-2003
Grey Mountain (Whitehorse)* 60°48'0"N 134°34'0"W 1140 92 1512-1999 33 1746—1998
Mt. Mcintyre 60°38'52"N 135°10'I"'W 1232 51 1618-2003 20 1651-2002
Coal Lake Road 60°35'0"N 135° 0'0"W 1070 47 1729-2003 32 1729-2002
Kathleen Lake 60°32'60"N 137°16'0"W 750 62 1625-1998 23 1667—1997
Donjek 61°41'60"N 139°45'0"W 750 56 1614-1998 17 1746—1997

RW: ring width; LWB: latewood blue intensity.
*Site used in Youngblut and Luckman (2008).

2011; Davi et al., 2003; Jacoby and D’Arrigo, 1995; Porter and
Pisaric, 2011; Wilson and Luckman, 2003). This phenomenon is
one aspect of the multifaceted issue often referred to as the ‘Diver-
gence Problem’ (DP; D’Arrigo et al., 2008). Studies using MXD
chronologies from northern Yukon/Alaska and Alberta/British
Columbia suggest that this variable is less prone to DP (Anchu-
kaitis et al., 2013; Andreu-Hayles et al., 2011; Luckman and Wil-
son, 2005; Wilson et al., 2014; Wilson and Luckman, 2003).
Therefore, as LWB behaves similarly to MXD, we hypothesise that
LWB is likely a superior parameter to RW for reconstructing past
summer temperatures in the southern Yukon.

Materials and methods

RW and LWB data were measured from a network of 17 white
spruce sites (Figure 1 and Table 1) in south-western Yukon sam-
pled during multiple field campaigns between 1999 and 2006.
The sites were sampled along a range of elevations from 750 to
1400 m a.s.l. with generally gentle slopes of 5-15°. The sites
showed no evidence of spruce bark beetle infestation and, where
possible, site ecological characteristics were kept consistent (sim-
ilar shrub understory and soil types) across the network except for
a few notable locations (see later discussion). The study region is
roughly a 400 X 300 km area, ensuring substantial future poten-
tial for chronology extension using remnant sub-fossil material
extracted from lakes in the area. As spruce shows no obvious
colour change across the heartwood/sapwood boundary, no resin
extraction was performed. Samples were sanded to 1200 grit and
scanned to 3200 dpi on an Epson V850 scanner calibrated using
an IT8.7/2 colour card in conjunction with the SilverFast scan-
ning software. Rings were measured and cross-dated using the
CooRecorder/CDendro 8.1 software and RW and LWB generated
(Cybis 2016, http://www.cybis.se/forfun/dendro/index.htm — see
Rydval et al. (2014) and Buckley et al. (2018) for more details on
LWB generation using CooRecorder). As is the ‘undocumented’
norm for density measurements, the last complete ring of each
sample was not measured because of its darker nature — a conse-
quence of proximity to the cambium. The raw LWB measure-
ments were inverted to allow detrending of the data by methods
similar to those used for MXD data (Rydval et al. 2014). To mini-
mise the effects of discolouration and reaction wood, LWB was
often measured on a subset of samples that showed no reaction
wood or areas of discolouration (see Table 1).

Standardisation is a crucial data processing step in dendroclima-
tology, which aims to remove non-climatic age-related trends while
retaining the desired climatic signal (Cook et al., 1990). However,
we do not believe that the dendroclimatic community fully appreci-
ates the impact of the detrending method ‘choice’ on both the cali-
bration and validation results (for more discussion, see Esper et al.
(2007), Sullivan et al. (2016) and Wilson et al. (2017). Therefore,
the RW and LWB data were detrended using a range of methods,
from the traditional negative exponential and linear functions (Fritts,
1976) to the relatively novel age-dependent spline (ADS) method
(Melvin et al., 2007) (see Table 2 for details). The sensitivity of
using the ‘signal-free’ (SF) method of Melvin and Briffa (2008) was
also explored for each detrending option. The SF method is a major
advance in the detrending of TR data because it recovers common
medium-frequency variability on timescales longer than the series’
lengths (decades to a century or longer) that may have been inadver-
tently removed by the initial data detrending (Cook et al., 1995).

The ADS (Melvin et al., 2007) is another important recent
advance in detrending TR series because it more naturally tracks the
long-term trajectory of radial growth than the rigidly defined, modi-
fied negative exponential curve (NE) (Fritts et al., 1969). When using
a NE, there can be a systematic lack of fit as the tree ages, which is
largely an artefact of the model’s fixed asymptote. This is the reason
why Holmes et al. (1986) introduced double-detrending, to minimise
this systematic lack of fit that was unlikely because of climate. The
ADS is far less likely to introduce such artefacts into the detrended
series because of the very natural way it tracks the trajectory of radial
growth as the tree ages. However, some adjustment in how the ADS
is fitted is still necessary, particularly if there is an a priori expectation
that tree growth, because of climate (e.g. from a warming climate in
the 20th century), should systematically increase over several
decades. If left unconstrained, the ADS will track this growth trend
because of climate and thus diminish or remove it from the resulting
TR chronology. It is for this reason that the ADS is applied here with
an option that constrains its end behaviour to be non-increasing. The
combination of SF and ADS, with this non-increasing constraint,
greatly reduces the potential loss of a climate warming signal in the
TRs. This should apply equally to both the RW and LWB data evalu-
ated here for producing a summer temperature reconstruction.

The Expressed Population Statistic (EPS — Wigley et al., 1984)
was used to evaluate the quality of the chronologies, as well as esti-
mating the number of series needed to attain a reasonable expression
of the theoretical infinitely replicated population chronology (Wilson
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Table 2. Detrending methods used for either RW or LWB data or both (RW/LWB).

Parameter Code Description

RW NEPT Negative exponential or regression slope of neg trend after PT

RW NEPT-sf NEPT with SF

LwB NEGREG Negative regression (or zero slope) regression with PT

LWB NEGREG-sf NEGREG with SF

RW / LWB ADSvar Age-dependent spline (allow pos and neg trend removal) with PT

RW / LWB ADSvar-sf Age-dependent spline (allow pos and neg trend removal) with PT and SF
RW / LWB ADSne Age-dependent spline (allow only neg trend removal) with PT

RW/LWB ADSne-sf Age-dependent spline (allow only neg trend removal) with PT and SF

RW: ring width; LWB: latewood blue intensity; PT: power transform; SF: signal-free.

Table 3. Station data (mean temperatures) within or proximal to
the CRUTS 4.01 grid (60-63°N/140-133°W) used. See Figure | for
locations.

Site name Latitude Longitude Elevation (m a.s.l.) Start year
Pelly Ranch 62°49'N  137°37'W 454 1955
Burwash 61°22'N  139°03'W 807 1967
Haines Junction 60°45'N  137°30'W 596 1945
Whitehorse 60°43'N  135°04'W 706 1943
Teslin 60°10'N  132°45'W 705 1944
Mayo 63°37'N  135°52'W 504 1925
Dawson 64°03'N  139°08'W 370 1898
Yakutat 59°3I'N  139°4'W 9 1917
Juneau 58°17'N  134°24'W 8 1881
Sitka 57°04'N  135°21'W 20 1828

and Elling, 2004). The spatial homogeneity of the between-chronol-
ogy signal was assessed using principal component analysis (PCA)
over the well-replicated common period (1856-1997) and by exam-
ining the spatial loadings of the individual chronologies on the lead-
ing mode of covariability (i.e. the first principal component).

For climate analyses, we used gridded CRU TS 4.01 (Harris
et al., 2014) mean (Tmean) and maximum (Tmax) temperature
data over the area 60-63°N/140-133°W, which represents the
region where the TR sites are located (Figure 1). The results using
minimum temperatures are not shown as correlations with the TR
variables are substantially weaker. It is important to note that of the
five individual meteorological stations within this region, the earli-
est measurements were made in 1943 (i.e. Whitehorse; Table 3).
Consequently, all Tmean and Tmax data prior to the 1940s are
interpolations from stations located farther away, including Daw-
son to the north, and three stations from the Gulf of Alaska to the
south (Yakutat, Juneau and Sitka — see Figure 1), which may argu-
ably represent subtly different regional climates.

The climate response of the RW and LWB chronologies was
assessed by correlating individual and regional composite chro-
nologies with Tmean and Tmax. Analyses were performed over
the years 1944-1997, the period represented by at least two sta-
tions (Table 3) and the outer date of the earliest sampled site chro-
nologies. The 1944—1997 period was also used for reconstruction
calibration, while validation was performed on the combined
1901-1943/1998-2004 period. Reconstruction validations were
assessed by the performance of the Pearson’s correlation coeffi-
cient (), the reduction of error (RE), and the coefficient of effi-
ciency (CE; Cook et al., 1994). Residual analyses, exploring for
linear trends and first-order autocorrelation (Durbin-Watson sta-
tistic), were also performed over the 1944-1997 period.

Results and discussion
Signal strength and homogeneity

RW has a stronger common signal than LWB as measured by the
mean interseries correlation (RBAR) and the expressed population

signal (EPS — Table 4) — an observation noted in other studies
(Rydval et al., 2014; Wilson et al., 2017, 2017). The median RBAR
for RW, using the 17 sites, is 0.30 (range 0.21-0.47), and for LWB
itis 0.18 (range 0.10-0.23). The median number of trees needed to
attain an EPS value of 0.85 (Wigley et al., 1984; Wilson and
Elling, 2004) is 13 and 26 for RW and LWB, respectively. This
seemingly weaker between-tree common signal and larger sample
size requirement for LWB is not deemed to be a problem, at least
for recent centuries, as all the data from the whole region are com-
bined to create a well-replicated regional composite for generating
the final dendroclimatic reconstruction. However, for studies
which might utilise individual sites, these signal strength metrics
indicate that, on average, a minimum of 25-30 trees per site is
needed to ensure good signal fidelity in the LWB chronologies.
However, it should be noted that several studies have found that
despite having a weak common signal, the resulting LWB chro-
nologies still possess a consistently stronger climate signal than
RW (Rydval et al., 2014; Wilson et al., 2014, 2017).

Since many of the LWB chronologies are not replicated
enough to attain a site-level EPS > 0.85 (see Tables 1 and 4),
PCA was performed separately for RW and LWB over the 1856—
1997 period, when replication is at least 15 trees. The spatial pat-
tern of site chronology loading on the first principal component
(PC1) is very similar for both variables (Figure 2). The explained
variance on the first eigenvector is 58.4% and 51.9% for RW and
LWB, respectively. For both TR parameters, there is a tendency
for the lower elevation sites to load weakly on PC1 (Figure 2).
Although this might represent a change in climate response from
high elevation temperature sensitive tree-line sites to drier lower
elevations (see later discussion), some caution is advised with this
interpretation as some of the lower elevation sites are rather eco-
logically unique compared with the wider network. For example,
Donjek is located on a gravel terrace, while Landslide is predomi-
nantly an arid rocky site with thin soils.

To maximise EPS, the individual site data were pooled to cre-
ate regional composite records for both TR variables. This
approach was used by Youngblut and Luckman (2008). Such a
well-replicated dataset leads to a robust final chronology in which
the sensitivity to different detrending options can be evaluated.
The RW regional composite variants (Figure 3) show strong over-
all signal strength (EPS > 0.85) back to 1200 CE, but substantial
variation arises from using different detrending methods. The
ADSvar (Table 2) versions, which allow for removal of both the
negative and positive trends, express much less long-term secular
amplitude changes compared with the NEPT-sf version, which
shows substantially lower index values around the 17th and 18th
centuries. EPS values for the LWB regional composite chronol-
ogy drop below 0.85 in the 17th century, but hover around 0.7
until the 14th century where there is a marked weakening in the
EPS prior to the mid-1300s. Compared with the RW data, there is
much less variation between the final LWB chronology variants,
and there appears to be less long-term centennial trends. Hereaf-
ter, we use the regional composite chronologies from 1337 CE
after which the LWB data are replicated by at least 15 trees.
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Table 4. RBAR and the number of series needed to attain an EPS of 0.85. For RBAR values, RW and LWB data were detrended using the
ADSne-sf version.Also shown is the first year for each site when sample replication is =15 series.

Site name RW RBAR  No.series EPS 0.85 RW year,n =I5 LWBRBAR No.of series EPS 0.85 LWB year,n = |5
Mt Mye 0.26 16.4 1678 0.14 352 1809
Faro 0.28 14.9 1510 0.11 45.4 1704
Lapie Lakes 0.21 20.8 1788 0.10 49.1 1788
Rose River 0.34 1.2 1848 0.17 26.8 1848
Eagle 12 0.26 16.4 1769 0.18 25.0 1769
Tagish 0.37 9.5 1801 0.22 20.2 1801
Telluride 0.31 12.8 1769 0.21 21.3 1769
Landslide 0.39 8.9 1158 0.19 23.8 1356
Burwash 0.30 13.1 1724 0.18 25.8 1724
Canyon Lake 0.29 14.0 1772 0.19 23.5 1772
Mt Berdoe 0.31 12.7 1800 0.13 39.1 1800
Wheaton River 0.46 6.6 1756 0.21 21.8 1756
Gray Mountain (White Horse)  0.28 14.5 1801 0.18 25.7 1801
Mt. Mcintyre 0.22 19.5 1778 0.23 18.8 1856
Coal Lake Road 0.42 8.0 1776 0.13 374 1776
Kathleen Lake 0.29 14.0 1779 0.17 28.6 1799
Donjek 0.47 6.3 1849 0.14 33.8 1849
Median 0.30 13.1 0.18 25.81

RW: ring width; RBAR: mean interseries correlation; EPS: Expressed Population Statistic; LWB: latewood blue intensity.
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Climate response

In this region, the Tmax correlations with RW are generally stron-
ger than Tmean (Youngblut and Luckman, 2008). This is also the
case for LWB (see below). Correlations between the regional
chronology variants and monthly and seasonal Tmax (Figure 4)
show that RW has the greatest coherence with the June tempera-
tures (» = 0.44 to 0.53), although similar correlation coefficients
are also observed with the May—June (MJ) and June—July (JJ) sea-
sons. Since Youngblut and Luckman (2008) reconstructed JJ
Tmax, we will focus on this season for all further RW-based anal-
yses. The LWB composite chronologies have significant correla-
tions with the May, June, July and August temperatures, although
all are weaker than the RW correlation with June. Substantially
stronger correlations are found between the LWB chronologies
and May—August temperature (» = 0.65-0.71). It must be empha-
sised that both the RW and LWB correlations, with their respec-
tive optimal month or season, are consistently stronger with their
ADSne-sf variants than their traditional (NEPT for RW and
NEGREG for LWB) detrending variants.

Focusing on the ADSne-sf variants of the individual chronolo-
gies, the median correlation of the RW chronologies with JJ Tmax
is 0.40 (r = —0.02 to 0.61). When mapping the strength of each
correlation at each site (Figure 5), the spatial pattern is similar to
the PC loadings (Figure 2). This suggests that summer tempera-
ture is the main factor driving the common signal expressed
across the network. Specifically, it is again Donjek and Landslide
that have the weakest coherence with temperature, although

Kathleen Lake also demonstrates non-significant correlations.
The Kathleen Lake site is another ecologically distinct site,
located at the toe of an active rock glacier, so the signal may well
be weakened by geomorphic activity. In a similar way, as noted by
the change in PC loadings (Figure 2), the RW climate response
with temperatures weakens at lower elevations (<~900 m a.s.l.;
Figure 5). This indicates that those chronologies that load strongly
on PC1 also possess the strongest temperature signal. The LWB
chronologies have a similar spatial and elevational pattern to RW,
although more LWB correlations are significant, suggesting LWB
might be less susceptible to site ecological conditions (see also
Rydval et al., 2018). The median LWB correlation with MJJA
Tmax is 0.52 (r = —0.08 to 0.72) with Donjek again showing the
weakest correlation (Figure 5).

To explore the implications of a potential elevation-related
response change for dendroclimatic reconstruction, the regional
data were divided into two elevational composite records (low
and high) around 900 m — the elevation where the RW response to
JJ Tmax temperatures suggests the transition occurs (Figure 5).
The four sites that make up the low elevation composite are Bur-
wash, Landslide, Kathleen Lake and Donjek (see Table 1). The
elevational composite chronologies were detrended using ADSne-
sf to maximise the climate response of both TR variables (Figure
4). The relationship between the low- and high-elevation RW and
LWB chronologies is variable through time (Figure 6), but overall
the sliding 31-year correlations are positive and generally signifi-
cant. The RW data express short periods of weak correlation at the
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end of the 17th and 18th centuries, but more importantly show a
substantial loss in coherence from the mid-20th century. This may
be related to the fact that the dominant environmental factor mod-
ulating growth at different altitudes has changed in recent decades.
A weakening in the agreement between low- and high-elevation
LWB chronologies is seen in the latter half of the 19th century, but
no de-coupling is found in the 20th century. When compared with
temperature, the low-elevation RW composite shows initial sig-
nificance but then a marked drop in correlation that mirrors the
decreased coherence between the low- and high-elevation chro-
nologies. The high-elevation RW record starts with a weak non-
significant relationship with JJ Tmax, but then increases until
correlations are >0.60 by the end of the 20th century. The high-
elevation LWB data shows a stable response with MJJA Tmax
with correlations >0.6 throughout the 20th century. The low-ele-
vation LWB expresses a weaker, and slightly weakening, correla-
tion with temperature but still ranging between 0.4 and 0.5. The
exception is a short period of non-significance that is likely
related to the 1983 low index outlier.

The low-elevation RW and LWB composite’s decreasing cor-
relations with temperature through the 20th century (Figure 6)
suggests a weakening in temperature limitation on tree-growth at
elevations below ~900 m, potentially because of the ca. 1°C warm-
ing observed since the 1940s (for both mean and maximum sum-
mer temperatures). Overall, the RW data from both elevations do
not have a time-stable response to JJ Tmax and do not track
decadal trends well. The RW peak growth occurs in the 1940s,
especially at high elevations, but it is not associated with the high-
est temperatures in the instrumental data (Figure 6). Similar obser-
vations have been noted for RW chronologies in the northern
Yukon and Alaska (Porter and Pisaric, 2011; Sullivan et al., 2016).
The RW data will therefore not be used for producing a dendrocli-
matic reconstruction for the region, although calibration/validation
tests are performed. However, the high-elevation LWB data show

a stable response with temperature and even the low-elevation
LWB sites show only a minimal weakening in their climate
response. Both the low- and high-elevation LWB records track the
trends in MJJA Tmax well (Figure 6) and overall indicate a much
stronger and more temporally stable relationship with temperature
than RW.

Climatic reconstruction and regional expression

All the site LWB data were composited in order to derive a
regional temperature reconstruction. Although the lower eleva-
tion LWB sites have a slightly weaker climate signal (Figure 6),
the long Landslide chronology (800 m a.s.1.; Table 1) will allow a
significant temporal extension to previous work (Youngblut and
Luckman, 2008). However, we use an individual series nesting
approach (Meko, 1997) to quantify the weakening in climate sig-
nal back in time, which reflects both the decreasing replication
and the shifting balance to more lower elevation sites.

The chronology/temperature correlations presented so far
have focused only on Tmax (Figures 4—6) as this climate vari-
able has been previously shown to be a stronger correlate with
RW than Tmean (Youngblut and Luckman, 2008). We not only
confirm here that this is also the case for LWB, but that calibra-
tion/validation results with Tmax are substantially stronger for
LWB than RW (Table 5). Focusing on LWB, calibration (1944—
1997) 72 values range from 0.34 (NEGREG) to 0.45 (ADSne-
sf) for Tmean with a higher range of 0.43-0.51 for the same
chronology variants against Tmax (Table 5). Validation (com-
bined 1901-1943/1998-2004 period) is also much weaker
against Tmean than Tmax, with RE and CE values being mostly
negative. For Tmax, all LWB chronology variants express posi-
tive RE and CE values, with only the ADSne and ADSne-sf
variants passing residual analyses (Table 5). These results high-
light that the detrending option and climate target used have a
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Table 5. Calibration (1944—1997) and validation (1901-1943/1998-2004) results for RW and LWB against Tmean and Tmax. Full period

calibration r? values calculated over 1901-2004 period.

RW Tmean

RW Tmax

NEPT NEPT-sf ADSvar ADSvar-sf ADSne ADSne-sf

NEPT NEPT-sf ADSvar ADSvar-sf ADSne ADSne-sf

Cal 2 0.13 0.15 0.20 0.17 0.21 0.26 Cal 2 0.18 0.20 0.24 0.22 0.25 0.28
DW 1.56 1.53 1.49 1.51 1.52 1.49 DW 1.73 1.70 1.67 1.68 1.71 1.68
Linr 0.45 0.46 0.45 0.46 0.46 0.43 Linr 0.36 0.35 0.32 0.34 0.32 0.28
Val r2 0.03 0.05 0.13 0.10 0.14 0.18 Val r2 0.03 0.04 0.08 0.07 0.09 0.10
Val RE 0.05 0.12 0.14 0.14 0.19 0.25 Val RE -0.06 -0.18 0.02 —-0.01 -0.03 -0.35
Val CE  -0.09 0.00 0.02 0.02 0.08 0.14 Val CE —-0.06 —-0.18 0.0l —-0.01 -0.03 -0.35
Full r2 0.08 0.12 0.17 0.15 0.19 0.24 Full 2 0.09 0.09 0.15 0.13 0.15 0.14
LWB Tmean LWB Tmax

NEGREG NEGREG-sf ADSvar ADSvar-sf ADSne ADSne-sf

NEGREG NEGREG-sf ADSvar ADSvar-sf ADSne ADSne-sf

Cal r2 0.34 0.34 0.41 0.38 044 045
Dw 111 1.10 1.21 I.16 1.29 1.31
Linr 0.52 0.52 0.46 0.50 041 0.40
Val r2 0.38 0.38 0.44 0.42 046  0.45
Val RE  -0.07 -0.06 0.06 -0.06 0.13 0.14
Val CE  -0.25 -0.25 0.1 -0.25 -0.03 -0.02
Full r? 0.26 0.26 0.33 0.28 037 038

Cal 2 0.43 0.43 0.48 0.46 050 0.51
Dw 1.31 1.31 1.42 1.36 1.48 1.49
Linr 0.41 0.42 0.33 0.38 026 0.25
Val r2 0.48 0.48 0.50 0.50 046  0.45
Val RE 0.33 0.33 0.40 0.34 037 035
Val CE 0.33 0.33 0.40 0.34 037 035
Full r2 0.42 0.42 0.47 0.45 046  0.46

RW: ring width; Cal r2 = Calibration r2; DW: Durbin-Watson statistic for residual autocorrelation; Lin r: correlation of linear trend in residuals; RE:
reduction of error; CE: coefficient of efficiency; LWB: latewood blue intensity.

Validation metrics highlighted in grey are non-significant.
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substantial influence on the calibration/validation metrics, and
that ADSne (with or without SF) appears to be a superior stan-
dardisation method for retaining the temperature variations at
timescales represented by the instrumental data, especially
when associated with the SF approach.

Over the 1944-1997 period the spatial distribution of correla-
tions, produced by both the non-transformed and first differenced
versions of the new southern Yukon reconstruction (hereafter
denoted as SYBI) and gridded CRU TS temperatures, are very
similar (Figure 7a and b). In fact, SYBI explains >50% of the
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1700 (62) and 1650 (25).The non-linear negative exponential function was used to model the relationship between SE and N. (b) Modelled 2X
SE using the replication of the LWB data (Figure 3) and the relationship shown in (a). (c) Comparison of actual (red) and reconstructed (black)
May—August maximum temperatures. (d) Full southern Yukon (SYBI) reconstruction with 20-year Gaussian smoother.

temperature variance for not only much of the study region, but
also down into northern British Columbia. Performing the same
analysis from 1901 to 1943 between the gridded CRU tempera-
tures and the non-transformed reconstruction (Figure 7¢), the con-
centration of maximum correlation is shifted to a small region in
the south-eastern end of the Gulf of Alaska (centred on the Juneau
station — Figure 1). However, after a first difference transform
(Figure 7d), the region of strongest spatial correlation increases
substantially. These observations suggest that there is some
degree of dissimilarity at decadal and longer timescales between
SYBI and the pre-1940s instrumental data. Although there could
be low frequency biases in the LWB composite chronology, it
must be emphasised that the early CRU gridded data over this
region are interpolated from instrumental measurements (Figure
1, Table 3) outside the study area that might not fully capture the
climate of the study region. It is also possible that there are homo-
geneity issues (Peterson et al., 1998) in the individual station data.
Despite these observations, the ADSne LWB chronologies cali-
brate and validate well (Table 5).

SYBI tracks 20th and 21st century May—August Tmax very
well (Figure 8) with only a minimal non-significant decrease of
calibration 72 from 0.51 to 0.46 between the calibration (1944—
1997) and full (1901-2004) periods (Table 5). The top five warmest
reconstructed years (2004, 2003, 1944, 1915 and 1923) are in the
20th/21st centuries (Table 6) and three of the warmest decades
(1995-2004, 1939-1948 and 1915-1934) also occurred during this
period. The five coldest years are 1768, 1810, 1445, 1817 and
1695, three of which coincide within a year or two following major
tropical volcanic eruptions (unknown 1694, unknown 1808 and
Tambora 1815 — Sigl et al. 2015). The coldest decade (1810-1819)
again reflects large-scale volcanically forced cooling seen in many
temperature-sensitive TR records across the NH (Anchukaitis
et al., 2017, Briffa et al., 1996; D’Arrigo et al. 2013; Esper et al.,
2018; Wilson et al., 2016).

Comparison of SYBI with other regional TR-based summer
temperature reconstructions (see Figure 1 for locations) highlights
a clear common multi-decadal pattern for a substantial region of
NW Northern America (Figure 9). The 20th century is consistently
the warmest period in all the records. The coldest decade in SYBI
(1810-1819 — Table 6) is also strongly expressed in most series
except for Firth River, Alaska, which is located much further north
(Figure 1). All records indicate cool conditions around 1700, with

Table 6. Top 5 warmest and coldest years and decades in the SYBI
summer maximum temperature reconstruction.

Warmest Years Anomaly Decades Anomaly
| 2004 1.99 1995-2004 I.15

2 2003 1.07 1939-1948 1.00

3 1944 0.75 13851394 0.74

4 1915 0.71 1915-1924 0.52

5 1923 0.6l 1650—-1659 0.48
Coldest Years Anomaly Decades Anomaly
| 1768 -3.77 1810-1819 -1.17

2 1810 -3.70 1550-1559 -0.86

3 1445 -3.99 1508-1517 -0.79

4 1817 -3.41 1351-1360 -0.76

5 1695 -3.59 1695-1704 -0.69

1695-1704 being the fifth coolest decade in SYBI, another period
of consistent cooling across the NH (Wilson et al., 2016). Running
31-year correlations between SYBI and the other reconstructions
show the strongest coherence with the Wrangells MXD record,
which is not surprising as LWB and MXD are often strongly cor-
related (Wilson et al., 2014); the two regions are closely located,
and both express more continental-style climatic conditions com-
pared with the Gulf of Alaska. The correlations of SYBI with the
other reconstructions are temporally less stable than with the
Wrangells, with multi-decadal periods (centred around the 1660s,
1760s, 1880s and the late 20th century) showing non-significant
correlations. These periods of weaker coherence likely represent
differences in the seasonal climate signal expressed by the different
TR variables (RW, MXD and delta BI) as well as dynamical differ-
ences between the regions. However, the SYBI comparison with
the longer reconstructions from the Gulf of Alaska (RW — Wiles
et al., 2014) and Firth River (MXD — Anchukaitis et al., 2013)
shows a marked decrease in coherence prior to the early 17th cen-
tury when replication in SYBI drops below 50 series (with associ-
ated increased uncertainty, Figure 8a and 8b) and the data
predominantly shift to the lower elevation Landslide site. This early
period in the SYBI should therefore be used cautiously.

Finally, the biggest difference between SYBI and the other
records is that it does not appear to capture as much centennial and
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north-western North America.All series transformed to z-scores relative to the common period. The lower panel shows running 3 |-year
correlations between SYBI and the other regional reconstructions.

longer timescale variability over the past 600 years. Even using ‘segment length curse’ (Briffa et al., 1996; Briffa and Melvin, 2011;
ADS within the SF framework will result in a loss of low-frequency Cook et al., 1995). At this time, no regional curve standardisation
information at timescales longer than the mean length of the sam- (RCS) experiments have been performed as the current living tree
ples (Cook et al., 1995). Only the Gulf of Alaska (Wiles et al., regional dataset, with very high replication in the recent period,
2014) and Firth River (Anchukaitis et al., 2013) reconstructions could contribute a significant ‘modern sample’ bias to the resultant

have been processed using methods capable of overcoming the chronology (Anchukaitis et al., 2013; Melvin and Briffa, 2014).
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Summary and conclusion

Recent large-scale network analyses using temperature-sensitive
TR data have highlighted how little data for North America extend
back to the Medieval period (Anchukaitis et al., 2017; Esper et al.,
2018; Guillet et al., 2017; Wilson et al., 2016). Dendroclimatic
efforts must focus on sampling new regions and extending previ-
ous reconstructions back in time. Despite the superiority of MXD
as a proxy of past summer temperatures (Anchukaitis et al., 2012;
Briffa et al., 2002; Biintgen et al., 2006; Esper et al., 2012; Wilson
et al., 2016), only one MXD record for North America goes back
before 1000 CE (Luckman and Wilson, 2005). Previous work has
shown that MXD can overcome the so-called ‘Divergence Prob-
lem’ calibration issues noted in RW data from many spruce sites in
western Canada and Alaska (Anchukaitis et al., 2013; Andreu-
Hayles et al., 2011; Luckman and Wilson, 2005; Sullivan et al.,
2016; Wilson and Luckman, 2003). However, the relative expense
and lack of facilities for measuring MXD severely hampers the
development of new datasets. LWB has received substantial atten-
tion as an economically viable substitute for MXD as they both
measure similar wood properties of conifer latewood (Bjorklund
etal., 2015, 2014; Campbell et al., 2007; Fuentes et al., 2018; Kac-
zka et al., 2018; McCarroll et al., 2002; Rydval et al., 2014, 2017a,
2017b, 2018; Wilson et al., 2014, 2017). This paper demonstrates
the utility of white spruce LWB chronologies from the southern
Yukon. As white spruce covers substantial parts of northern North
America (Figure 1), proving LWB’s suitability for producing a
robust dendroclimatic reconstruction of past summer temperatures
from this species could lead to a substantial enlargement and
improvement in the North American temperature-sensitive TR
network across the Boreal Taiga.

Despite having a weaker common signal strength than RW,
LWRB still contains the stronger, and most temporally stable rela-
tionship with summer Tmax. A much weaker and variable tem-
perature response in RW was noted for sites below 900 m a.s.l.,
although this observation is likely exacerbated by site-specific
ecological issues. Nevertheless, the lower elevation LWB data still
exhibited enough significant temperature sensitivity to be used for
climate reconstruction. For the final reconstruction, the LWB data
from all 17 sites were composited into one regional record. This
record begins in 1337 CE when replication is =15 series and EPS
is greater than 0.7, with values attaining 0.85 in the mid-17th cen-
tury. A variety of different detrending options were utilised and the
ADS methods (allowing the retention of positive trends), applied
within the SF framework, performed markedly better than other
methods, resulting in calibration 72 values over 0.50 (Table 5) and
good independent validation based on RE, CE and residual analy-
sis. RW calibration 72 values never exceeded 0.30, while LWB
detrending using linear functions returned weaker calibration
results with noted linear trends and significant autocorrelation in
the model residuals. The final MJJA Tmax reconstruction (SYBI)
shows excellent spatial coherence over much of the southern
Yukon and northern British Columbia. When SYBI is compared
with independent TR-based temperature reconstructions from
north-western North America, all the records suggest that the 20th
century is the warmest 100-year period in the past 600 years.

Overall, LWB is proven to be a robust proxy for reconstructing
past summer temperatures from white spruce samples. Most
importantly, our findings show that LWB, as with MXD, is not
prone to the time-varying response problems noted for RW in
North American white spruce. Similar observations were recently
made for LWB using Norway spruce (Picea abies (L) Karst) in the
northern Carpathian Mountains of Europe (Buras et al., 2018).
Future work in the southern Yukon will now focus on updating the
living network to the present, but most importantly, to sample sub-
fossil remnant material extracted from lake sediments to increase
replication prior to the 1650s, where current reconstruction uncer-
tainty increases substantially because of low sample replication.

The large area covered by the current living network will allow
considerable opportunity for finding appropriate lakes with pre-
served sub-fossil material at elevations above 900 m a.s.l. where
the climate signal is stronger (Figure 6).

Some challenges remain, particularly the darker colouration
of preserved sub-fossil samples from lakes in relation to their
living wood counterparts. Several methods have been proposed
to overcome such colour change biases (Bjorklund et al., 2014,
2015; Rydval et al., 2017a, 2017b; Wilson et al., 2017), but more
experimentation is needed. The increasing number of papers
comparing LWB with MXD clearly show the potential of this
parameter for reconstructing past summer temperatures
(Bjorklund et al., 2015, 2014; Fuentes et al., 2018; Kaczka et al.,
2018; McCarroll et al., 2002; Rydval et al., 2014; Wilson et al.,
2014). The blue revolution is upon us, but further methodologi-
cal development is needed. Generating LWB is inexpensive,
making this methodology available to all laboratories with mini-
mal investment. There is no reason why the many spatial gaps
across the NH, identified by Anchukaitis et al. (2017), cannot be
filled in the coming years.
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